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A bstract. We examined intracellular electrolytes, K influx, and [3H]ouabain-binding capacity of erythrocytes from 32 normal subjects and 45 patients with end-stage renal failure on dialysis, including 16 with high intracellular Na (mean 17.3±3.9 mmol/liter cell water). The [3H]ouabain-binding capacity of erythrocytes with high cell Na was markedly reduced as compared with that of erythrocytes from normal subjects (274±52 vs. 455±59 sites/cell, P < 0.001). The mean serum creatinine was higher in the uremic group with high cell Na. There was a significant linear correlation between intracellular Na and [3H]ouabain-binding in both normal and uremic subjects. Cross-incubation of normal cells with uremic plasma for 24 h failed to reduce [3H] ouabain-binding capacity of normal cells. In spite of a substantial increase in cell Na, K pump influx was not higher in uremic erythrocytes with high cell Na. When intracellular Na was altered with nystatin (cell Na equal to 120 mmol/liter cell water in both groups), K pump influx was proportional to the number of Na-K pump sites so that the ion turnover rate per pump site was similar in the two groups. Uremic plasma failed to depress K pump influx of normal erythrocytes. The passive net influx of Na in uremic cells with high intracellular Na was not different from that observed in erythrocytes from normal subjects. When erythrocytes were separated by age on Percoll density gradients, the number of Na-K pump sites of the youngest uremic
Introduction
The concentration of Na inside the cell and the transport of Na and K across cell membranes are largely mediated by a specific transport system, consisting of a Mg-dependent Na-KATPase and termed the Na-K pump (1) (2) (3) (4) . An increase in intracellular Na was first described in erythrocytes from some patients with chronic renal failure some two decades ago (5) . Subsequently, several groups of investigators have provided evidence for a defect in Na transport of erythrocytes (6) (7) (8) (9) , leukocytes (10) , and skeletal muscle ( 11) from uremic subjects.
Earlier efforts to explore the mechanism of the rise in intracellular Na were limited to measurements of pumpmediated Na efflux, the passive Na leak, and Na-K-ATPase activity (5) (6) (7) (8) (9) (10) (11) (12) . In the present study, the number of Na-K pump sites was quantitated by the technique of [3H]ouabain binding (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . The accurate quantitation of the number of pump sites in patients with normal and high cell Na permitted an examination of the role of alteration in the number of ion pump units in raising intracellular Na. The role of alteration of ion turnover rate and passive Na permeability in raising cell Na was also examined. In addition, the capacity of uremic plasma to alter the [3H]ouabain-binding capacity and K pump influx of normal erythrocytes was also investigated. The results of our investigation suggest that a decrease in the number of Na-K pump sites plays a pivotal role in the defect of Na transport of erythrocytes from patients with chronic renal failure.
Methods

Subjects
Subjects were divided into two groups: (a) Group I: Normal group. This group consisted of 32 adults, mean age 37 yr. (b) Group II: End- stage renal failure. This group consisted of 45 patients on chronic maintenance dialysis, mean age 58 yr. All patients were stable, ambulatory, and free from intercurrent illness. Patients taking cardiac glycosides, diuretics or prednisone, or transfused within 6 wk of the study were excluded. Serum cortisol, triiodothyroxine (T3), and thyroxin (T4) were normal in patients with chronic renal failure.
Preparation oferythrocyte suspension
Fresh heparinized blood was drawn predialysis and centrifuged within 1 h of collection. The plasma, the buffy coat, and the topmost layer (10%) of the erythrocytes were discarded and the remaining erythrocytes were suspended in ice-cold isotonic MgCl2. During each of the three washes that followed, the supernatant and the topmost layer of erythrocytes were discarded. The precise hematocrit of the final washed erythrocyte suspension was determined in triplicate.
Intracellular electrolytes
Intracellular Na afid K were measured by flame photometry from lysates of washed cells (23) . The volume fraction of water was estimated from dry and wet weight of cell suspensions, density of cells, and the hematocrit as described previously (23) .
[3H]Ouabain-binding assay The (26) . Cell Na and K concentration and hematocrit were measured and K influx was measured as described above, except for the substitution of ssRb for 42K as the tracer.
Effect ofuremic plasma on K influx. Plasma was obtained predialysis from 12 uremic subjects with high cell Na. Normal fresh erythrocytes were washed as described above and suspended at 5% hematocrit in their own plasma or in uremic plasma. The plasma was passed through glass wool to deplete leukocytes and platelets, and fortified with 10 mM glucose and enough KCI to give a final concentration of 10±0.3 mM KCI. The influx was measured by using 86Rb as a K analog, as described above after a preincubation period of 30 min.
Passive permeability
Washed erythrocytes from seven normal subjects and seven uremic subjects with high cell Na were suspended at 10% hematocrit in a medium containing (in millimolar) NaCl, 150; KCI, 5; Tris-HCI, 5; glucose, 10; pH 7.4, at 370C. The net uptake of cell Na was measured at 370C in paired tubes with and without 0.5 mM ouabain (27) . Aliquots of cell suspension were obtained at 0, 2, and 4 h, washed four times in MgCl2, and the intracellular Na and K were measured as described above.
Separation of erythrocytes by age on Percoll gradients
Erythrocytes were separated by age on a self-generated continuous density gradient of Percoll. Percoll was diluted to a density of 1.1 kg/liter with phosphate-buffered saline and spun at 5600 g for 90 min in a fixed angle rotor at 20'C. The gradient so obtained was monitored by Sephadex density marker beads and provided a wide separation between the densities of 1.085 and 1.100 kg/liter. Washed erythrocytes, depleted the leukocytes by passage through a cellulose column (28) and adjusted to a hematocrit of 20±1% with phosphate-buffered saline, were layered over the preformed Percoll gradient and spun for 15 
Results
Intracellular cation concentrations
The mean intracellular Na concentration, expressed as millimoles per liter cell water, was 9.8±1.6 in 32 normal subjects and 12.5±4.5 in 45 patients with chronic renal failure (P < 0.01).
To examine the abnormality of the Na-K pump selectively in patients with high intracellular Na concentrations, patients with chronic renal failure were further subdivided into two groups, according to the upper limit of cell Na in our normal subjects, which was 13 mmol/liter cell water. The 29 patients with cell Na < 13 mmol/liter cell water (mean 9.9±2.0) were classified as group II A (chronic renal failure, normal cell Na). The 16 patients with cell Na > 13 mmol/liter cell water (mean 17.3±3.9 mmol/liter cell water) were grouped as group II B (chronic renal failure, high cell Na) (Fig. 1 high cell Na (274±52 sites/cell, 5.23 pmol/ml cells) was even more striking as compared with both normal subjects (455±59 sites/cell, P < 0.001) and dialysis patients with normal cell Na (373±61 sites/cell, P < 0.05) (Fig. 1) .
There was a significant, linear, inverse correlation between [3H]ouabain-binding capacity and cell Na in normal subjects (r = 0.74, P < 0.01), suggesting that the number of Na-K pump sites per cell plays an important role in determining the cell Na in normal subjects (Fig. 2 ). An [3Hfouabain-binding capacity and G6PD was steeper in the normal as compared with the uremic group (P < 0.01) with a tendency towards divergence at higher levels of G6PD (Fig. 3) . Thus, [3Hlouabain-binding capacity of younger uremic erythrocytes was appreciably less than that of younger normal erythrocytes.
Serial studies Studies to show that high erythrocyte Na in group II B was an acquired abnormality. In 13 out of 16 patients from group II B (chronic renal failure-high cell sodium), intracellular Na was available before the onset of end-stage renal failure or shortly after the initiation of dialysis. In all 13 patients, intracellular Na was within the normal range at that time with a mean of 10.4±1.8 mmol/liter cell water. In two other patients with high cell Na who were reexamined 4-20 wk after the initial studies, a fall in cell Na to normal levels (9.7±1.15 vs.
16.2±5.0) was accompanied by an increase in [3H]ouabain
binding (416±60 vs. 320±13 sites/cell). Overall, 15 out of 16 patients in group II B (chronic renal failure-high cell Na) were found to have normal cell Na at one time, indicating that the elevated cell Na was an acquired defect and not secondary to genetic factors.
Studies to examine the effect of dialysis on the erythrocyte Na-K pump. Three patients not included above were found to have high intracellular Na before dialysis was ever initiated. In all three patients, intracellular Na was essentially unchanged after 3 wk of dialysis. cell Na (P < 0.05). Patients with high cell Na were ambulant, free from intercurrent illness, and essentially asymptomatic.
Five patients with high cell Na were judged to be inadequately dialyzed on clinical grounds. The other 11 patients with high cell Na and all patients with normal cell Na were judged to be adequately dialyzed. There was no difference in blood-urea nitrogen or blood pressure between the two groups.
Four patients from group II A and four patients from group II B had received one unit of packed cells each within 4 mo of the study. The shortest interval between the last transfusion and harvesting of blood for this study was 14 patients with normal cell Na and eight patients with high cell Na. All other parameters were measured in the entire subgroup of patients.
Discussion
The Na-K pump consists of a number of discrete ion pump units, which mediate the transport of Na and K across the cell membrane (1-4) . A decrease in the number of Na-K pump units may lead to decreased Na efflux and a rise in intracellular Na, as illustrated by the inverse correlation between ion pump sites and cell Na in our normal subjects (Fig. 2) . In uremic2 2. The term "uremia," as used in this paper, denotes end-stage renal failure and does not imply adequacy or inadequacy of dialysis. subjects, the number of Na-K pump sites was significantly diminished in erythrocytes with high cell Na (Fig. 1) . A significant inverse correlation between ion pump sites and intracellular Na was also detected in uremic subjects (Fig. 2) . A change in the number of Na-K pump sites of erythrocytes from a given patient followed for several weeks was accompanied by a reciprocal change in intracellular Na (Fig. 5) . Thus, in uremic subjects, as in normals, the number of Na-K pump sites appears to be an important determinant of intracellular Na.
A digoxin-like substance has been postulated to accumulate in the plasma of uremic patients (35). Such In addition to the decrease in number of ion pump sites, a decrease in the ion turnover rate of individual Na-K pump sites may also lead to diminished Na efflux and an increase in intracellular Na concentration. Therefore, the ion turnover rates per pump site of uremic erythrocytes with high cell Na were measured and compared with the rates of normal erythrocytes. Comparison of ion turnover rates in intact cells is complicated by the fact that a change in intracellular Na itself influences the ion turnover rate of the Na-K pump site (20, (32) (33) (34) . Thus, a valid comparison of ion turnover rates between normal erythrocytes and uremic cells with high cell Na requires that intracellular Na be equal in the two groups. Therefore, intracellular Na was altered and equalized at -120 mmol/ liter cell water in both groups with the help of nystatin. Under these conditions, the pump-mediated K influx was markedly lower in the uremic erythrocytes as compared with the normal erythrocytes (Table I, Fig. 3 ). The close correlation between the K pump influx and the number of Na-K pump sites (Fig.  3) indicates that the reduction of K transport across uremic cells was largely secondary to a decrease in the number of Na-K pump units. The ion turnover rate of individual Na-K pumps was similar in the two groups (Table I ). This finding suggests that there is no intrinsic alteration in the transport capacity of individual Na-K pump units which could account for the rise in intracellular Na in uremic subjects.
When cation transport was evaluated in fresh cells without altering cell Na, K pump influx was similar in erythrocytes from normal subjects and from uremic subjects with high cell Na (Table I) . Previous workers have shown that an increase in intracellular Na raises Na-K pump-mediated Na effilux and K influx in normal erythrocytes (20, (32) (33) (34) . The finding of a similar, rather than raised K pump influx in uremic erythrocytes with high cell Na suggests that monovalent cation transport would be reduced in these cells if intracellular Na concentration was normal (5) .
Based on the observations reported, our proposed scheme for the sequence of events leading to high cell Na is as follows. A reduced number of Na-K pump units per cell leads to reduced Na efflux initially. Because passive Na influx is normal, Na accumulates inside the cell. As cell Na rises progressively, the Na efflux is increased from subnormal to near normal levels, as a result of kinetic activation of the pump. The rise in cell Na continues until Na efflux matches the (largely) passive Na influx. In this new steady state, active Na efflux, active K influx, and passive permeability are all normal, but cell Na is raised. This is the state which was measured. The reduced number of pump units is the primary defect leading to reduced Na efflux and raised cell Na. The cells maintain raised Na levels because any reduction in the cell Na would be accompanied by a decrease in the active Na effilux and reaccumulation of cell Na. Because of the reduction in the pump units, normalcy of active cation fluxes can be maintained only at the expense of higher intracellular Na concentration.
It has been suggested that a factor in the uremic plasma may lead to a decrease in activity of the Na-K pump. In one previous study, Na-K-ATPase activity of normal erythrocytes exposed to uremic plasma was 16% lower than that of normal erythrocytes exposed to their own plasma (8) . Others reported that Na efflux of normal erythrocytes was depressed by exposure to uremic plasma in at least one experiment in one patient (9) . In the present studies, uremic plasma failed to depress the pump-mediated K transport of normal erythrocytes. Thus, we failed to confirm the presence of a putative uremic toxin which could directly depress the pump-mediated Na-K transport and raise intracellular Na in uremia.
A primary increase in passive Na influx across the cell membrane of uremic erythrocytes could also lead to an increase in cell Na, as suggested previously (12) . In the present study, however, net Na influx was similar in normal and uremic erythrocytes in the presence of ouabain. The similarity of Na influx under conditions of complete inhibition of Na-K pump suggests that a difference in passive Na influx does not play a major role in raising intracellular Na of uremic erythrocytes.
The difference in correlation between the number of Na-K pump sites per cell and intracellular Na in normal and uremic subjects (Fig. 2) suggests that factors other than the decreased number of ion pump units may play an ancillary role in raising intracellular Na in uremia. We failed to demonstrate differences in the intrinsic ion turnover rates of individual Na-K pump units, a depression of cation transport by uremic plasma, or enhanced passive permeability for Na. Nonetheless, it is possible that other factors, such as an alteration in the affinity of the Na-K pump for substrates, may additionally impair Na transport and raise intracellular Na in uremia. by age on Percoll gradients were designed to differentiate between these possibilities. The finding of a steep decline in the number of Na-K pump sites with increasing cell age in normal subjects (Fig. 4) (Fig. 4) , suggesting that the synthesis of Na-K pump sites is depressed in uremic subjects. If accelerated loss of Na-K pump units of erythrocytes during the aging process of the cell were responsible for the decrease in [3H]ouabainbinding capacity of uremic cells, the slope of Na-K pump sites plotted against erythrocyte G6PD would decline more steeply in the uremic cells. The failure to find a steeper slope in uremic erythrocytes argues against the hypothesis of accelerated Na-K pump loss in uremic erythrocytes during their life span. Instead, the slope was steeper in the normal subjects (Fig. 4) . Since the fractional decay of Na-K pump sites with age was similar in the two groups, the greater decline in the number of Na-K pump sites in normal subjects with age was most likely consequent to the greater magnitude of Na-K pump units in the younger cells of normal subjects. Thus, a decrease in synthesis of Na-K pump sites of erythroid precursors may account for the decrease in [3Hlouabain-binding capacity of erythrocytes from uremic subjects.
A fall in intracellular Na and a rise in the number of Na-K pump sites was observed in three patients after initiation of dialysis (Fig. 5 ). Earlier workers have reported an improvement in erythrocyte Na in one patient after several months of dialysis (8) . Intracellular Na concentrations in the leukocyte and muscle cell have also been reported to fall after initiation of dialysis (10, 1 1) . The lag period of several weeks between initiation of dialysis and the increase in the number of Na-K pump sites suggests that dialysis may permit increased synthesis of Na-K pump sites and thereby lead to an improvement in intracellular Na. The failure to notice an improvement in intracellular Na for 3 wk and the cotemporaneous improvement in cell Na and the number of Na-K pump sites favors the view that the decrease in the number of Na-K pump sites is the major factor responsible for the rise in cell Na in uremia.
Dialysis, however, is not always associated with an improvement in Na-K pump activity. 11 of our 16 patients in group II were judged to be adequately dialyzed, and yet, were found to have an elevation of intracellular Na. The persistence of the defect of Na-K pump on dialysis may reflect inadequate removal of the putative uremic toxin responsible for this defect. This possibility is supported by the finding of a significant direct correlation between serum creatinine and intracellular Na. In this context, it is noteworthy that a definition of adequacy of dialysis is not readily available (37) . The elevation of erythrocyte Na may itself be a sensitive index of the adequacy of dialysis (38) . It has been suggested that the variations in erythrocyte Na may be due to genetic differences (39-42). Genetic factors do not appear to be the etiology in our patients because normal intracellular Na was found at one time in 15 out of 16 patients with high cell Na. Since our patients with high cell Na were ambulatory, free from intercurrent and concurrent illness, and did not have evidence of an endocrine abnormality, the association of other diseases known to affect erythrocyte Na (6, 43) also did not play a role. Our finding that patients with high cell Na were on dialysis longer than those with normal cell Na (Table II) suggests that the abnormality of Na-K pump may increase over a period of time on maintenance dialysis.
In summary, we propose that a decrease in the synthesis of Na-K pump sites leads to a decrease in Na efflux and accumulation of intracellular Na inside the cells. The raised cell Na compensates for the decreased number of Na-K pump sites and restores the pump-mediated monovalent cation transport to normal levels. The decreased number of Na-K pump sites plays a major role in the abnormality of monovalent cation transport of erythrocytes from uremic subjects.
